Arginine kinase (AK, EC 2.7.3.3) is a phosphagen kinase widely distributed in lower and higher invertebrates. Sabellastarte indica AKs (AK1 and AK2) are the only AKs that use D-arginine in addition to L-arginine as a substrate. Sabellastarte indica AKs are therefore clearly unrelated to typical AK. The purpose of this work was to identify the amino acid residues responsible for distinguishing the chirality of D-and L-arginine. The three-dimensional structure of Sabellastarte AK2 was predicted using the SWISS-MODEL automated modeling server. Two amino acids, L64 in the N-terminal flexible loop and N320 in the C-terminal flexible loop, were found to be closest to the substrate arginine. We introduced several mutations around the predicted binding site of the substrate arginine. In the L64I mutant, the affinity for L-arginine was greatly increased (9.5-fold that of the wild-type), whereas its affinity for D-arginine was increased 2.9-fold, indicating that the L64I mutant enzyme was more specific for L-arginine. On the other hand, the L64V mutant showed a 1.7-fold decrease in affinity for L-arginine, but unchanged affinity for D-arginine. Thus the L64V mutant enzyme was more specific for D-arginine. Since the replacement of amino acid residue L64 by I or V significantly affected the affinity for L-arginine or D-arginine, it can be concluded that amino acid 64 is a key residue for distinguishing D-and L-arginine. Seven mutants at position 320 (N320H, Q, D, E, R, K and A) had considerably reduced enzymatic activity (0.05 to 52% of the wild-type). The reduction in enzyme activity was more significant when D-arginine was the substrate rather than L-arginine, except for N320D, suggesting that the carbonyl oxygen of the Asn320 side chain forms a hydrogen bond with the α-amino nitrogen attached to the asymmetric carbon of the D-arginine substrate. In addition, we found that even a residue remote from the guanidino substrate binding site, such as G54 and Y89 in Sabellastarte 3 AK2, significantly affected guanidino substrate specificity.
Introduction
Phosphagen (guanidino) kinases catalyze the reversible transfer of the high-energy phosphoryl group of ATP to naturally occurring guanidine compounds. Members of this enzyme family play a key role in animals as ATP buffering systems in cells that display high and variable rates of ATP turnover [1] [2] [3] . The phosphorylated high-energy guanidines are referred to as phosphagens. In vertebrates, phosphocreatine is the only phosphagen, and the corresponding phosphagen kinase is creatine kinase (CK). In contrast, invertebrates have various phosphagens in addition to phosphocreatine: phosphoglycocyamine (catalyzed by glycocyamine kinase: GK), phosphotaurocyamine (taurocyamine kinase: TK), phosphohypotaurocyamine (hypotaurocyamine kinase: HTK), phospholombricine (lombricine kinase: LK) and phosphoarginine (arginine kinase: AK). Phosphagen kinases are phylogenetically separated into two distinct groups: the AK group which includes AK and HTK, and the CK group which includes GK, LK and TK [4] .
Typical AKs are most widely distributed among organisms such as arthropods, molluscs, nematodes, cnidarians, poriferae, protozoans (ciliates and choanoflagellates) and bacteria, indicating their ancient origin [5] [6] [7] [8] . Most AKs are monomers with an average molecular mass of approximately 40 kDa [2] . Unusual dimeric AKs have been isolated from the deuterostome echinoderm, Stichopus japonicus [9, 10] and the protostome annelid, Sabellastarte indica [11] , which evolved secondarily and independently from CK-like ancestors [12] .
We recently reported that, although typical AKs and the unusual Stichopus AK display activity only for L-arginine, two AK isoforms (AK1 and AK2) isolated from Sabellastarte showed activity for both L-arginine and D-arginine. The activity for D-arginine was weak in AK1, but stronger in AK2 (50% that of L-arginine). In addition, D-arginine and Enzyme activity was measured with an NADH-linked assay at 25 °C [17] and determined for the forward reaction (phosphagen synthesis). The reaction mixture (total 1.0 ml) for determination of K m Arg contained 0.65 ml of 100 mM Tris/HCl (pH 8), 0.05 ml of 750 mM KCl, 0.05 ml of 250 mM Mg-Acetate, 0.05 ml of 25 mM phosphoenolpyruvate made up in 100 mM imidazole/HCl (pH 7), 0.05 ml of 5 mM NADH made up in Tris/HCl (pH 8), 0.05 ml of pyruvate kinase/lactate dehydrogenase mixture made up in 100 mM imidazole/HCl (pH 7), 0.05 ml of 100 mM ATP made up in 100 mM imidazole/HCl (pH 7) and 0.05 ml of recombinant enzyme. (or mg/ml) was obtained using ProtParam (available from the URL http:/ca.expasy.org/tools/protparam.html). The extinction coefficient of the Y89Q mutant was calculated based on the mutated amino acid sequence. The protein concentration for the AK enzyme moiety was obtained by excluding the portion of the MBP tag. The kinetic parameters were determined by our previous method [18] .
Modeling of three-dimensional structures
The three-dimensional structure of Sabellastarte AK2 was generated using the SWISS-MODEL automated modeling server (http://www.expasy.org/swissmod/ SWISS-MODEL.html; the First Approach Method set at default parameters).
Swiss-PdbViewer version 4.0.1 was used to generate a three-dimensional image [19] . In order to predict the L-arginine binding site, the three-dimensional structure of Sabellastarte AK2 was superimposed on the transition-state analogue complex (TSAC) structure of Limulus AK (PDB number: 1BG0) [15] . The binding site for D-arginine was predicted by fitting it with L-arginine.
Results and Discussion
Prediction of the three-dimensional structure of Sabellastarte AK2
The three-dimensional structure of Sabellastarte AK2 was generated by SWISS-MODEL based on the TSAC structures of Limulus AK and Torpedo CK, both of which have a similar substrate-binding site [14, 15] . Then we estimated the position of the substrate arginine in Sabellastarte AK2 by overlapping the position of L-arginine in the TSAC structure of Limulus AK (Fig. 1) . The predicted structure indicated that the L-or D-arginine substrate is close to L64 in the N-terminal flexible loop (GS region) and N320 on the C-terminal flexible loop. Y89, which is proposed to be the key residue for guanidino substrate recognition [20, 21] , is also near the substrate arginines.
Expression of Sabellastarte AK2 wild-type and mutants, and their kinetic parameters
Each recombinant enzyme was expressed as a soluble protein fused with maltose binding protein (MBP) and purified to a highly pure state by affinity chromatography. Of the 16 mutants constructed in this study, only five (L64I, L64V, Y89Q G54S and G54A) had sufficient activity to allow estimation of their kinetic parameters. The kinetic parameters (K m , k cat and k cat /K m ) of the wild-type and five mutant enzymes in the presence of either Lor D-arginine were determined for the forward reaction, and are listed in Table 1 Seven other mutants at position 320 showed weak enzymatic activity, so only the initial velocities were measured in 4.76 mM ATP and 4.76 mM L-or D-Arginine ( Table 2 ). The remaining five mutants (L64G, L64A, G54V, G54L and G54I) displayed undetectable enzymatic activity under the same conditions.
Phosphagen kinases usually show activity only for one guanidino substrate, whereas Sabellastarte AKs display activities for at least four guanidino substrates. Sabellastarte AK1 is primarily active towards L-arginine, but has weak but significant activity for D-arginine (7.6% compared to L-arginine), D-lombricine (3.0%) and taurocyamine (2.7%).
On the other hand, Sabellastarte AK2 shows strong activity towards both L-arginine (100% relative activity) and D-arginine (35% relative activity), but shows rather weak activities for D-lombricine (0.2%) and taurocyamine (0.1%) [22] . This large difference in substrate specificity is caused by the difference (30%) in amino acid sequence of the GS region of Sabellastarte AK1 and AK2. 
Key residues responsible for substrate recognition in Sabellastarte AK2

Amino acid 64
Amino acid residue 64 is located in the N-terminal flexible loop (GS region) and is closest to the substrate arginine in the predicted Sabellastarte AK2 structure (Fig. 1) . The 64th residue is leucine in Sabellastarte AK2 but isoleucine in Sabellastarte AK1. The corresponding residues in LK, TK, GK, CK and Limulus AK are I, I, K, T and G, respectively.
We replaced L64 in Sabellastarte AK2 with G, A, I and V. The L64G and L64A recombinant enzymes were expressed as soluble proteins, but no enzymatic activity could be detected. In contrast, the L64I and L64V mutant enzymes showed high activity: 1.4-to 1.6-fold higher k cat for L-arginine than the wild-type enzyme, and 2.2-fold higher k cat for D-arginine (Table 1 ). These results indicate that an amino acid residue with a large hydrophobic side chain, such as L, I or V, is required at position 64 in order to suitably accommodate the substrate arginine and allow full expression of activity.
In the L64I mutant, the affinity for L-arginine (K m L-arg = 0.389 mM) was increased greatly Table 1 and Fig. 3) , indicated that the L64I mutant had enhanced specificity for L-arginine. Finally, it should be noted that the high specificity for L-arginine of the Sabellastarte AK2 L64I mutant approaches that of Sabellastarte AK1 (wild-type), which has Ile at position 64.
On the other hand, the L64V mutant showed a 1.7-fold decrease in affinity for L-arginine (Fig. 3) .
As shown above, since the replacement of L64 by I or V significantly affected affinity for L-arginine or D-arginine, it can be concluded that the 64th residue plays a critical role in distinguishing D-and L-arginine.
Amino acid 320
As shown in Fig. 1 , it was predicted that amino acid N320 in the C-terminal loop, as well as L64, is close to the substrate arginine in Sabellastarte AK2. Residue 320 is strictly conserved in CK as D and in typical AKs as H. We constructed seven mutants differing at position 320 (N320H, Q, D, E, R, K and A). All the mutants displayed weak enzymatic activity, so the exact kinetic parameters were not obtained. However, the initial velocities of these mutants were measured at the same substrate concentrations ( Table 2 ). All the mutants showed a considerable reduction in enzymatic activity (0.05 to 52% of the wild-type), but the decrease was significantly larger with D-arginine than with L-arginine, except for the N320D mutant. In N320D, enzymatic activity towards L-arginine was decreased 3-fold and towards D-arginine 2-fold, making this the only enzyme with higher specificity for D-arginine among the seven mutants (see the value for D-Arg activity / L-Arg activity in Table 2 and Fig. 3 ). It is also noted that among the mutants, N320D maintain relatively high activity for both of L-arginine (32 %) and D-arginine (48 %), and N320E only for D-arginine (48 %). These results suggest that the carbonyl oxygen of the N320 side chain is involved in recognizing the D-arginine substrate via a hydrogen bond with the α-amino nitrogen attached to the asymmetric carbon of D-arginine. Thus, D320
and E320 could partly substitute for the role played by N320.
In the Torpedo CK TSAC structure, D320 forms a hydrogen bond with H66 on the N-terminal flexible loop and stabilizes the substrate-bound structure [14] . Moreover, in human muscle CK, it was reported that the disruption of the hydrogen bond (ion pair) between D320 and H66 caused a remarkable loss of activity (0.1% that of wild-type activity) [23] . If N320 in Sabellastarte AK2 is also hydrogen-bonded with a given residue on the N-terminal loop, as in CK, the remarkable loss of activity in the N320 mutants might be attributed partly to destabilization of the catalytic pocket formed by the N-terminal and C-terminal flexible loops.
Amino acid 89
Amino acid residue-89 is proposed to be one of the key residues for recognition of guanidino substrates in phosphagen kinases [20, 21] . Multiple alignments of amino acid sequences clearly indicated that the residue is strictly conserved as a specific amino acid in each phosphagen kinase: R in CK, Y in typical AK, I in GK, H in TK, and K in LK [24] (see Fig. 2 ). While this residue does not appear to be directly involved in substrate binding in the TSAC structures of CK and AK, it is located close to the guanidine substrate-binding site [14, 15] . Site-directed mutagenesis studies of this residue using rabbit CK and Einenia LK have shown that it has a significant effect on enzymatic activity and guanidino substrate specificity [20, 21] . A recent report investigating Danio CK and Nautilus AK also showed that the 89th residue plays a key role in organizing the hydrogen-bond network between the four dynamic domains [25] of AK and CK, thereby helping provide an appropriate active center for high catalytic turnover [26] .
We replaced Y89 in Sabellastarte AK2 with Q, the amino acid at this position in AK1 (see Fig. 2 ). The catalytic constants of the Y89Q mutant were increased 1. mM). Clearly, Y89Q has more specificity for D-arginine. These results are consistent with the idea that the 89th amino acid is the key residue for guanidino substrate recognition [20, 21] .
Amino acid 54
Numerous mutations of the GS region of Sabellastarte AK2 highlighted the importance of G54, located at the beginning of the N-terminal loop (Fig. 1) . This residue is conserved in typical AK, CK and GK, but is replaced by S, S and A in LK, TK and Sabellastarte AK1, respectively (Fig. 2) . The G54V, G54L and G54I mutations yielded inactive enzymes, suggesting that the large hydrophobic side chains of V, L and I caused an unfavorable configuration of the N-terminal loop. In contrast, the G54S and G54A mutants showed 1.8-and 2.6-fold increases in k cat for L-arginine, and 2.1-and 3.0-fold increases in k cat for D-arginine compared with those of wild-type ( Table 1 ). The G54A mutant showed higher affinities for both L-arginine (1.4-fold that of the wild-type) and D-arginine (2.0-fold). In the G54S mutant, the affinity for L-arginine was increased 1.8-fold, but the affinity for D-arginine was unchanged. Comparison of the values of (k cat
for wild-type (0.362), G54S (0.235) and G54A (0.615) (see Table 1 and Fig. 3) shows that the G54A mutant enzyme was more specific towards D-arginine. These results suggest that even a residue remote from the guanidino substrate binding site, such as G54 in Sabellastarte AK2 (Fig. 1) , can significantly affect guanidino substrate specificity. , respectively) ( Table 3) . 
Comparison of K
Conclusions
Sabellastarte AK is the only phosphagen kinase using D-arginine as substrate. It is clearly unrelated to typical AK, and apparently evolved from a mitochondrial CK-like gene. In this study, we found several amino acid residues responsible for distinguishing the chiral substrates, D-and L-arginine. The 64th residue appears to be the most important determinant for recognizing the chirality of arginine, because the L64I and L64V mutations caused remarkable changes in substrate specificity for D-and L-arginine. Other residues, such as N320, Y89 and G54, also affect the guanidino substrate specificity of Sabellastarte AK2, but these residues might be involved simultaneously in other structural interactions that affect the stability of AK. D-arginine (B) . The structure was generated by SWISS-MODEL and drawn with Swiss-PdbViewer [19] . 
